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Modelling, simulation and
characterization of a linear shape
memory actuator with compliant
bow-like architecture
Giovanni Scire` Mammano and Eugenio Dragoni
Abstract
The design of shape memory alloy actuators typically compromises between force and stroke, the two properties being
inversely proportional to one another for any given shape memory alloy element. This article presents a bow-like com-
pliant actuator aimed at improving the specific performance of shape memory wires on both accounts. Conceptually, the
actuator is formed by two straight elastic beams mutually hinged at the ends with a pre-stretched shape memory alloy
wire in between. Heating of the alloy shortens the wire, which in turn makes the beams to buckle outwards in a sym-
metric double-arched configuration. The transverse displacement of the beams amplifies the contraction of the wire
while producing a favourable output force. This article develops a simple, though accurate, analytical model of the actua-
tor upon which a step-by-step design procedure is built. The theoretical findings are compared with the outcome of a
finite element simulation for a case study and with the test data gathered from a physical prototype actuator.
Keywords
Shape memory alloys, compliant actuators, bow-like architecture
Introduction
The traditional design of linear actuators based on
shape memory alloys (SMAs) capitalizes on the use of
active elements in the form of tension wires, helical
springs or flexural beams. The wires exploit the mate-
rial to the full and produce the highest forces for given
weight but are characterized by very limited deflections
in relation to the occupied space. In contrast, helical
springs, flexural beams and other slender elements can
generate remarkable displacements but only for very
limited working forces.
A fruitful area of research is the development of
actuator architectures that combine the simplicity and
the force efficiency of the wires with the longer strokes
typical of less structurally efficient SMA parts like
springs and beams. A frequent solution to achieve this
goal is the use of SMA wires in combination with
amplifying mechanisms (levers or gears) for increasing
the stroke with an acceptable force reduction (Hao et
al., 2013). The drawbacks of this solution are the
increase in mechanical complexity, overall dimensions
and cost. Alternatively, the stroke of the actuator can
be increased by using very long wires and compacting
the apparent volume by winding them on pulleys
(Pittaccio et al., 2009) or guiding them by sliding sur-
faces (Scire` Mammano and Dragoni, 2011b). The dis-
advantages of these solutions are again the increased
complexity (pulleys) and the relevant friction losses for
the sliding solutions.
The authors have focused recently on new SMA
actuator designs for generating high forces and high
displacements using compliant mechanisms. This article
describes one of these architectures, which is based on
the elemental bow-like configuration shown in Figure
1(a). The concept is formed by an elastic beam (the
body of the bow) and a SMA wire (the string of the
bow) attached at the ends of the beam. In the disabled
state (Figure 1(a)), the elastic beam is pre-compressed
axially just beyond its buckling point by the pre-
stretched SMA wire. When the wire shortens upon
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heating (Figure 1(b)), the beam progressively bends
sideways, thus producing a transverse deflection which
increases with the contraction of the wire.
Kinematically, the transverse displacement of the beam
amplifies the contraction of the wire while preserving a
significant useful force in the direction of motion.
An interesting feature of this compliant design is
that the incremental ratio between bow deflection and
wire contraction decreases for increasing wire contrac-
tions, thus favouring the generation of nearly constant
output forces, despite the rapid decrease in the wire
tension upon shortening. Conceptually, the basic bow-
string configuration can be expanded into a universal
double-bow module (Figure 1(c) and (d)) obtained by
hinging two bows end-to-end and fusing the two origi-
nal wires into a single centre wire. Furthermore, several
double-bow modules can easily be joined back-to-back
as shown in Figure 2 to build a multi-stage actuator
with magnified stroke and undiminished force output.
The single modules of the stack can also be activated
separately to achieve an indexed global behaviour.
This particular actuator architecture was inspired by
cymbal piezoelectric energy harvester (Dogan et al.,
1997; Mo et al., 2012) in which cup-shaped discs (cym-
bals) are used to transfer the compressive load acting
on the cymbals into a magnified tensile load onto a
piezoelectric transducer. Another source of inspiration
was the ‘fish-mouth’ SMA actuator developed by
Campanile and Keimer (2003) and Campanile et al.
(2004) for the control of adaptive wings. This compact
actuator, based on the interaction of a shape memory
material and a composite flexible mechanism, offers a
high ratio between the stroke and the mounting dimen-
sion in the activation direction and is particularly inter-
esting for the shape control of thin surfaces. Campanile
et al. (2004) present elementary modelling of the fish-
mouth actuator, together with design directions and
testing procedure.
This article applies to the bow-like actuator in
Figure 1 the conceptual development documented by
Campanile and Keimer (2003) and Campanile et al.
(2004) for the fish-mouth actuator. The presentation is
divided into four parts: (1) analytical modelling of the
two-bow actuator, (2) definition of a general design
procedure starting from high-level engineering specifi-
cations, (3) presentation of a case study with applica-
tion of the design procedure and finite element (FE)
validation, and (4) construction and characterization of
a functional prototype.
The advances of this work with respect to the state
of the art involve particularly the analytical model of
the actuator. The models by Dogan et al. (1997) and
Mo et al. (2012) for cymbal-like transducers address
the three-dimensional (3D) geometry of the device and
cannot be transferred to the present double-bow actua-
tor in which the active element is a one-dimensional
wire. With respect to the fish-mouth actuator, the pres-
ent model addresses the elastic problem of the beams in
a nearly exact form, while the model by Campanile and
Keimer (2003) and Campanile et al. (2004) approxi-
mates the deformed beams by circular arcs. In the con-
text assumed by Campanile and Keimer (2003) and
Campanile et al. (2004), the approximations are accep-
table because the fish-mouth actuator is used for rela-
tively low displacements and high forces, but they
cannot be extended to the present case where a wider
range of displacements are considered.
Theoretical model of the actuator
It is assumed that in the disabled configuration (mar-
tensitic wire), the two beams in Figure 1(c), though
buckled, are nearly straight and their length is such that
the wire is pre-stretched with respect to its natural
length, l0 (i.e. length of the wire in the unloaded heated-
then-cooled condition). Upon activation, the wire con-
tracts by a finite amount and the beams bulge sideways
(a)                         (b)        
(c)                         (d)        
B
E, I
 f
A A
COLD SMA HOT SMA
xa
SMA  
Wire
B
xa
FFF F
DC C D 
SMA  
Wire
Elastic 
beam
Figure 1. (a, b) Single-bow and (c, d) two-bow actuators
shown in (a, c) slightly deformed and (b, d) highly deformed
shapes. In configurations (a, c), the beams are almost straight.
DISABLED ENABLED
Figure 2. Stack of two-bow modules in disabled and enabled
states.
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producing a total transverse deflection xa (Figure 1(d)).
In brief, the actuator behaves like a compliant mechan-
ism which transforms the linear motion of the end
points of the wire (A, B) into the transverse motion of
the centre points of the beams (C, D). Points C and D
can be used as output ports of the actuator to collect
useful stroke and force. The relationships between the
displacements and the force generated by the wire
between A and B and the corresponding stroke and
force measured between C and D depend on the elastic
transmission ratio of the system. As will be shown
below, the transmission ratio of the actuator depends
on the axial deflection of the beams, f, defined as
f = l  AB ð1Þ
where l is the free length of the straight beams and AB is
the current distance between their end points. When the
beams start from the straight position, as assumed here,
deflection f in equation (1) coincides with the shorten-
ing of the activated centre wire.
Elastica model of the beams
The elastic buckling load, Pcr, of each beam under axial
load is given by
Pcr =p
2EI

l2 ð2Þ
where E is the elastic modulus of the beams and I is the
bending moment of inertia of the beam cross section.
For loads above Pcr, each beam deforms transversely
according to an equilibrium shape called Elastica. The
exact Elastica shape is given theoretically by means of
elliptic integrals (Timoshenko and Gere, 2009). In a
recent article, Scire` Mammano and Dragoni (2014)
have provided an approximate solution to this problem
based on dimensionless closed-form equations. When
adapted to the actuator geometry in Figure 1(c) and
(d), the salient equations from Scire` Mammano and
Dragoni (2014) become
P
Pcr
=
32
f =l  4ð Þ2 ð3Þ
xa
l
=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
5f =l 4 f =lð Þ
4p
r
ð4Þ
Mf max
Pcrl
=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
80f =l
p 4 f =lð Þ3
s
ð5Þ
where P is the total axial force on the two beams, xa is
the total transverse deflection of the beams (Figure 1(c)
and (d) and Mf max is the maximum bending moment
acting on the centre section of each beam. With respect
to the corresponding exact values, equations (3)–(5)
give accurate results for relative axial deflections, f/l,
up to 0.4–0.5, which is more than enough to model all
actuators of practical interest.
Differentiating equation (4) with respect to f/l and
rearranging give the transmission ratio, t, of the
mechanism as
t=
∂xa
∂f
=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
5 2 f =lð Þ2
4pf =l 4 f =lð Þ
s
ð6Þ
The solid curve in Figure 3 displays equation (6) in
the range 0  f/l  0.08. The transmission ratio is very
high for f/l close to 0 and, though decreasing very
sharply for increasing deflections, remains greater than
2 for f/l up to about 0.08. This means that in this range
of deflections, the mechanism more than doubles the
incremental contraction of the SMA wire.
In practice, the maximum value for f is limited by
the maximum contraction achieved by the SMA wire,
about 5%–6% of its natural length. Since the natural
length of the wire, l0, is slightly less than the free length,
l, of the beams, this condition limits f/l to about 0.06.
As a consequence, this small term can be omitted in the
parentheses in equations (3)–(5), giving
P
Pcr
= 2 ð7Þ
xa
l
=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
5f =l
p
r
ð8Þ
Mf max
Pcrl
=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
5f =l
4p
r
ð9Þ
The approximate equation (7) tells that the beams
deflect axially at nearly constant load P/Pcr=2 (the
exact value given by equation (3) for f/l=0.06 is 2.06,
a mere 3% higher). Table 1 gives the values of the
approximate relative stroke xa/l given by equation (8)
for deflections f/l from 0 to 0.06. Differentiation of
equation (8) gives the approximate transmission ratio
as
t=
∂xa
∂f
=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
5
4pf =l
s
ð10Þ
Equation (10) is reported in Figure 3 with dashed
line, showing negligible differences with respect to equa-
tion (6) in the practical range of deflections.
Table 1. Normalized displacement of the actuator (xa/l) as a
function of the normalized end deflection of the beams (f/l).
f/l (%) 0.3 0.5 1 2 3 4 5 6
xa/l (%) 6.9 8.9 12.6 17.8 21.9 25.2 28.2 30.9
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 by guest on March 24, 2015jim.sagepub.comDownloaded from 
Model of the SMA wire
The experimental stress–strain relationship of the SMA
wire is well described by the piecewise linear model
shown in Figure 4 (Scire` Mammano and Dragoni,
2011a). The straight line OA represents the austenitic
response (temperature above Af), which is assumed
elastic with Young’s modulus Ea. The piecewise linear
line OBC describes the martensitic response (tempera-
ture below Mf), with the first elastic leg OB identified
by Young’s modulus Ema and the second pseudoplastic
leg identified by slope Emb. The transition between the
elastic and the pseudoplastic legs takes place at point
B, identified by stress sg and strain eg.
Following Scire` Mammano and Dragoni (2011a),
the analytical model of the wire is greatly simplified by
introducing the following dimensionless ratios between
the characteristic parameters shown in Figure 4
s1=
Ea
Ema
ð11Þ
sm=
Emb
Ema
ð12Þ
sg =
eg
eadm
=
eg
emax
ð13Þ
where eadm= emax is the maximum allowable working
strain of the wire, typically chosen in the range 3%–5%
(the higher the emax, the lower the fatigue life of the
wire).
A further simplification is possible by observing that
the transition strain eg is very low (typically in the range
0.2%–0.5%) so that the piecewise linear line OBC can
be replaced by the straight line DC, which intersects the
vertical axis at D with initial stress s0m given by
s0m=Emaeadmsg 1 smð Þ ð14Þ
If l0 and Aw are the natural length and the cross sec-
tion of the wire, the force, FSMA ON that the wire can
produce in the enabled state is
FSMA ON =
EaAw
l0
l  l0  fð Þ ð15Þ
The wire achieves the maximum strain, emax, when
the beams (of length l) are in the straight configuration,
giving
emax=
l  l0ð Þ
l0
ð16Þ
Introducing equations (11) and (16) in equation (15)
and dividing by Pcr give
FSMA ON
Pcr
=
s1EmaAw
Pcr
emax 1 f
l
1+ emax
emax
  
ð17Þ
Using the straight line DC in Figure 4 to model the
martensite, the force generated by the wire in the dis-
abled state, FSMA OFF, can be written as
FSMA OFF =somAw+
EmbAw
l0
l  l0  fð Þ ð18Þ
Combining equations (12) and (14) with equation
(18) and dividing by Pcr yield
FSMA OFF
Pcr
=
EmaAw
Pcr
emax  sg 1 smð Þ+ sm 1 f
l
1+ emax
emax
   	
ð19Þ
Model of the actuator
From equation (8), the normalized end deflection of the
beams, f/l, can be written in terms of the transverse dis-
placement of the actuator, xa/l, as
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
0.00 0.02 0.04 0.06 0.08
∂
x a
/∂
f
f/l
Eq. 6
Eq. 10
Figure 3. Transmission ratio of the two-beam compliant
mechanism against the relative axial deflection of the beams.
O ε
σ
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Austenite(T >Af)
Martensite (T < Mf )
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σg
Ema
A
B
C
εadm
σom
D
Figure 4. Typical martensitic and austenitic stress–strain
curves for a shape memory alloy.
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fl
=
p xa=lð Þ2
5
ð20Þ
The net inward force acting on each of the hinges A
and B in Figure 1(c) is given by the difference between
the force in the wire, either FSMA ON (equation (17))
or FSMA OFF (equation (19)), and the total reaction
force of the buckled beams, P, is given by equation
(7). The output force F of the actuator, measured at
the centre points C and D of the beams (Figure 1), is
given by the net inward force on the hinges divided
by the transmission ratio t of the mechanism (equa-
tion (10)). (Force F is assumed positive when directed
outwards.)
Following this process and using equation (20) for f/
l give the output forces of the actuator in the enabled
state, FON, and in the disabled state, FOFF, as
FON
Pcr
=
2p
5
xa
l
 s1EmaAw
Pcr
emax 1 p
5
xa
l

 2 1+ emax
emax
  
 2
 
ð21Þ
FOFF
Pcr
=
2p
5
xa
l

 
EmaAw
Pcr
emax
(
sgð1 smÞ
+ sm

1 p
5

xa
l
2
1+ emax
emax
)
 2
!
ð22Þ
Figure 5 describes the trend of forces (equations (21)
and (22)) as a function of the displacement xa/l for the
following arbitrary (but realistic) data: s1=3, sm=0.1,
sg=0.2, Ema=10GPa, emax=0.05, Aw=0.05mm
2
and Pcr=15N. The force of the enabled actuator
(solid line) is 0 at xa=0 (point O) because in that con-
figuration (straight beams) the transmission ratio of the
mechanism is infinite (see equations (10) and (20)). As
the stroke xa increases, the enabled output force
increases, then reaches a maximum (point M) and
finally decreases again down to 0 at xa=xa0 (point N).
This final condition occurs when the traction force of
the wire exactly equals the restoring force of the beams
and no output force is available any more.
Also starting from 0 at xa=0 in Figure 4, the out-
put force of the disabled actuator is always negative for
xa. 0. This happens because the reaction force of the
buckled beams overcomes the force of the cool wire
and the mechanism tends naturally to recover the con-
figuration depicted in Figure 1(c). Interestingly, the
magnitude of FOFF in Figure 4 increases almost linearly
with the stroke xa.
General design procedure of the actuator
The design of the two-bow actuator for general appli-
cations starts from three high-level data: the net stroke,
S, the target output force during outstroke, FON T
(actuator enabled) and the target output force during
instroke, FOFF T (actuator disabled). The target output
forces are defined so as to overcome the maximum
external forces expected to act on the actuator over the
entire stroke S. For the sake of example, Figure 5
assumes FON T=FOFF T==60.1 Pcr, with FON T
positive (line AB) and FOFF T negative (line CD)
according to the former assumption on the signs.
Figure 5 shows that, under the action of the external
forces, the leftmost configuration of the actuator is
defined by the rightmost position between point X
(intersection between FON and FON T) and point Y
(intersection between FOFF and FOFF T). For positions
to the left of point X, the force of the enabled actuator
is lower than the external force FON T. To the left of
point Y, the force of the disabled actuator is lower than
the external force FOFF T. In contrast, the rightmost
position of the actuator, xa max, is always defined by
point Z (intersection between FON and FON T), beyond
which the net force of the enabled actuator falls below
the externally applied force. For the specific example in
Figure 5, the normalized stroke S= S=l is given by the
horizontal distance between points Z and Y because Y
is to the right of X.
A specific goal of this article is designing actuators
with high specific stroke to size ratios. This design tar-
get requires that the stroke be exploited to the full, a
condition which is met when the positions defined by
points X and Y in Figure 5 coincide. The design proce-
dure described below is based on this criterion and fol-
lows three steps: (1) the cross sections of wire and
beams are determined first so that they can generate
the required forces; (2) the optimal normalized stroke S
of the actuator, defined as the actual stroke over the
beam length, is calculated and (3) the lengths of wire
and beams are scaled so as to satisfy the actual design
stroke S.
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Figure 5. Characteristic force–displacement curves for the
two-bow compliant actuator in enabled and disabled states.
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The position xa0 defined by point N in Figure 5 is
obtained by letting FON=0, with FON given by equa-
tion (21). The ensuing third-degree equation has only
one meaningful root, namely
xa0
l
=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
5
p 2Pcr + s1EmaAwemaxð Þ
q
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s1EmaAw 1+ emaxð Þ
p ð23Þ
Taking the derivative of equation (21) with respect
to xa/l gives the slope of FON/Pcr at any point of the
curve OXMZN in Figure 5 as
uON
xa
l

 
=
∂ FON=Pcrð Þ
∂ xa=lð Þ = 
2p
25Pcr
 10Pcr + s1EmaAw 5emax+ 3p xa
l

 2
1+ emaxð Þ
  	
ð24Þ
Substituting equation (23) for xa/l in equation (24)
gives the slope, uON, at point N as
u0ON =uON xa=l= xa0=lð Þ=
4
5
p 2 s1EmaAwemax
Pcr
 
ð25Þ
Assuming that the slope uON at N remains constant
between N and Z, the rightmost position, xa max (point
Z), is given by
xa max
l
=
xa0
l
+
FON T
uON
=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
5
p 2Pcr+ s1EmaAwemaxð Þ
q
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s1EmaAw 1+ emaxð Þ
p
+
5FON T
4p 2Pcr  s1EmaAwemaxð Þ ð26Þ
To the aim of calculating the minimum displacement
of the actuator, xa min (points X or Y in Figure 5), it is
useful to calculate the slopes u00ON and uOFF of the FON
and FOFF curves at xa=0 (point O in Figure 5). From
equation (24), u00ON is calculated as
u00ON =uON xa=l= 0ð Þ=
2p
5
s1EmaAwemax
Pcr
 2
 
ð27Þ
Differentiating equation (22) with respect to xa/l and
letting xa=0 give uOFF as
uOFF =
∂ FOFF=Pcrð Þ
∂ xa=lð Þ

xa = 0
=
2p
5
EmaAwemax sg + sm  sgsm
 
Pcr
 2
  ð28Þ
The difference between equations (27) and (28) gives
the relative slope, Dk, between the FON and FOFF curves
at xa=0
Dk=u00ON  uOFF
=
2p
5
EmaAwemax s1+ sg sm  1ð Þ  sm
 
Pcr
 	 ð29Þ
Arcs OX and OY in Figure 5 are reasonably
approximated by straight lines of slopes u00ON and uOFF ,
respectively. From equation (29), given the target
forces FON T and FOFF T, the request that points X and
Y have the same displacement xamin (=FON T=u00ON =
FOFF T=u00OFF) yields
xamin
l
=
FON T  FOFF T
PcrDk
=
5
2pEmaAwemax
FON T  FOFF T
s1+ sg sm  1ð Þ  sm
 
ð30Þ
Equation (30) shows that xa min/l depends on the
properties of the SMA wire only and is independent
from the properties of the beams. In particular, given
the target forces and the SMA (i.e. Ema, emax, s1, sg and
sm), the value of xa min/l depends only on the cross sec-
tion, Aw, of the wire. Conversely, if b=xa min/l is
regarded as a design parameter decided by the designer
beforehand, the cross section Aw of the wire can be cal-
culated from equation (30) as
Aw=
5
2pEmaemaxb
FON T  FOFF T
s1+ sg sm  1ð Þ  sm
 
ð31Þ
Characteristic values for b are chosen in the range
0.02–0.05 as a trade-off between reasonable length of
the beams and reasonable cross section of the wire (see
below the effect of b on the relative stroke, which
increases as b decreases, and on the cross section,
which decreases as b increases).
-40
-30
-20
-10
0
10
20
30
40
0 8 16 24 32
F O
N
 , 
F O
FF
 
xa
FON
FOFF
FON EF
FOFF EF
SEF=24.2mm
xamaxxamin
Figure 6. Characteristic force–displacement curves for the
actuator of the case study in enabled and disabled states:
comparison between theory and FE results.
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The critical load, Pcr, of each beam is calculated by
requesting that the force generated by the enabled
actuator at xa min/l=b coincides with the target force
FON T. Letting FON=FON T and xa/l=b in equation
(21) and solving for Pcr give
Pcr =
s1EmaAw
10
5emax  pb2 1+ emaxð Þ
  5FON T
4pb
ð32Þ
with Aw given by equation (31). Condition (32) ensures
that the actuator provides exactly the target forces FON
T and FOFF T in xa=xa min.
At this stage of the design, the normalized stroke of
the actuator, S= S=l, is already determined and can be
calculated as
S=
S
l
=
xa max  xa min
l
=
xa max
l
 b ð33Þ
where S is the requested stroke, xa max/l is given by
equation (26) and b is chosen beforehand as explained
above.
From equation (33), the free length of the beams is
obtained as
l=
S
S
ð34Þ
From equation (16), the natural length of the wire,
l0, becomes
l0=
l
1+ emaxð Þ ð35Þ
Letting f/l= emax, the maximum bending moment in
the centre section of the beams, Mf max, is calculated
from equation (9) as
Mf max=Pcrl
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
5emax
4p
r
ð36Þ
Given the material of the beams, hence Young’s
modulus E, from equation (2) the moment of inertia of
the beams, I, is obtained
I=
Pcrl
2
p2E
ð37Þ
Assuming for the beams a rectangular cross section of
width b and thickness t, hence moment of inertia I=bt3/
12 and section modulus W=2I/t, the strength condition
smax=Mf max/W  sadm gives the thickness t
t tmax= 2Isadm
Mf max
ð38Þ
Finally, the width b is calculated as
b=
12I
t3
ð39Þ
Case study and FE validation
The former design procedure is applied numerically and
validated by FEs for the following case study:
Functional data: FON T=10N, FOFF T=25N,
S=25mm;
SMA wire properties: Ema=12GPa, emax=0.05,
s1=3, sm=0.2, sg=0.1;
Beam properties: spring steel with rectangular cross
section (b 3 t) and E=190.7GPa, v=0.3,
sadm=700MPa.
Functional design of the actuator
Assuming b=0.03, equations (31) and (32) give the
cross-sectional area of the wire Aw=0.2438mm
2 and
the critical load of the beams Pcr=84.19N. From
equations (26) and (33), the maximum dimensionless
actuator displacement xa max/l=0.2014 and the nor-
malized stroke S= 0:1714 are calculated. With these
values, equations (34) and (35) give the free lengths of
the beams l=145.85mm and of the SMA wire
l0=138.9mm. From equation (36), the maximum
bending moment in the beams is Mf max=1.732N
mm. Finally, equations (37)–(39) give the moment of
inertia I=0.9515mm4, the thickness t=0.77mm and
the width b=25.1mm.
Introducing the above data into equations (21) and
(22), the force–displacement characteristics of the
actuator are known and lead to the graphical represen-
tation displayed in Figure 6 (solid and dashed curves
for enabled and disabled states, respectively).
FE modelling of the actuator
The actuator designed in the previous section was
modelled by FEs using the ABAQUS 6.10 package.
The model was two-dimensional, with SMA wire and
beams discretized using linear ‘ShearFlexible’ beam
elements about 0.1mm long throughout the mesh.
The two beams (l=145.85mm) were hinged together
at both ends, and the centre node of the left beam
(see Figure 1(c) and (d)) was fixed translationally and
rotationally. The SMA wire was defined with the
same free length l of the beams, and its end nodes
were attached to the end hinges of the beams.
The material of the beams was described as linearly
elastic with the properties of the previous section. The
SMA of the wire was described as linearly elastic in the
austenitic state (enabled), while a hyperelastic Marlow
model (Marlow, 2003) was assumed for the martensitic
state (disabled). This material modelling has been used
successfully by Scire` Mammano and Dragoni (2011b)
to simulate a wire-on-drum actuator. Further details of
the model definition can be found in that reference. The
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Marlow model was implemented in ABAQUS by map-
ping, point-by-point, the curve OBC in Figure 4 with
the characteristic parameters assumed in the previous
section. A fictitious coefficient of thermal expansion
a=0.001K21 was assumed for the SMA. This coeffi-
cient was used to adjust the initial length of the wire as
explained below.
Two FE analyses were performed (one for the austeni-
tic wire and one for the martensitic wire) following three
steps: (1) application of a small displacement (xa=0.04
mm) to the centre node of the moving beam (the right-
hand one in Figure 1(c) and (d)) with the purpose to trig-
ger buckling of the beams under the subsequent axial
forces, (2) application to the SMA wire of a differential
temperature DT=(l02 l)/(al) so as to introduce in the
wire the allowable design strain emax and (3) increase in
the displacement applied to the movable beam from xa=
0.04mm to xa=32mm in increments of 2mm.
Figure 6 shows the results of the FE analyses in
terms of forces measured at the centre node of the
movable beam (the node where the incremental displa-
cement was applied). The results for the enabled actua-
tor are shown with empty squares and for the disabled
actuator with empty circles. The net stroke of the actua-
tor predicted by the FE simulations (also reported in
Figure 6) was SEF=24.2mm.
Prototype construction and testing
Physical properties and theoretical performance
The prototype actuator was built by taking advantage
of the SMA wire and stainless steel sheets available in
the laboratory and accurately characterized in previous
research work. The final device was defined by the data
listed below:
SMA wire: NiTi round wire Smartflex 150 (SAES
Getters); diameter dw=0.150mm; cross-sectional
area Aw=0.0177mm
2; natural length
l0=48.08mm; Ni content 54% by weight; transfor-
mation temperatures As=86C, Af=94C,
Ms=65C, Mf=57C; elastic moduli
Ema=8GPa, Ea=40GPa, Emb=3.2GPa; charac-
teristic strains eg=0.004, emax=0.04.
Beams: rectangular sections, stainless steel; width
b=2.0mm; thickness t=0.3mm; free length
l=50mm; Young’s modulus E=190.7GPa; allow-
able stress sadm=750MPa.
Using equations (21) and (22) with the above data
gives the theoretical curves of the actuator forces FON
and FOFF shown with solid lines in Figure 10. The
reference theoretical values defining the nominal
performance are as follows: minimum displacement
xamin=bl=2mm, enabled force FON T=1N, dis-
abled force FOFF T=0.25 and net stroke S=7.8mm.
Prototype construction
Figure 7 shows the computer-aided design (CAD)
model of the prototype actuator, with the SMA wire in
the centre and the two beams on the sides. The ends of
the beams engage in V-shaped sockets cut in two termi-
nal polymer blocks, which realize the hinged-hinged
condition by simple wedge contact as described by
Scire` Mammano and Dragoni (2014). The two terminal
blocks are connected together by a telescopic guide to
the aim of ensuring alignment of the two blocks during
motion of the actuator and preventing instability of the
support due to small differences in the forces exerted
by the beams. The ends of the SMA wire are crimped
with electrical-type ferrules (http://www.partex.co.uk/
cefs.html), which provide electrical contact and
mechanical constraint. The ferrules are lodged into
blind holes drilled within slotted headless screws enga-
ging with hexagonal nuts fixed to the terminal blocks.
Rotation of the screws allows fine-tuning of the pre-
stretch in the wire at assembly.
The centre sections of the beams are coupled with
prismatic polymer lugs used for load application (in
tension and compression) by the testing machine.
Thanks to the internal protrusions, when the two lugs
are brought into contact with each other the bend in
the beams guarantees the minimum displacement
xamin=2mm requested from the actuator. In this way,
damage of counter-bending of the beams is prevented
by design. All polymer parts of the system (terminal
blocks and loading lugs) were made of acrylonitrile-
butadiene-styrene (ABS) and fabricated using a 3D
printer based on fused deposition modelling (FDM)
technology. The final prototype is shown in Figure 8 in
both disabled (a) and enabled states (b).
Test procedure and results
The characterization of the actuator was performed by
mounting the device between the wedge grips of an
electromechanical testing machine Galdabini SUN500
SMA wire 
Beam
Telescopic
Guide
Block
Ferrule
Loading
lug
Block
Nut
Headless
screw
Beam
Figure 7. CAD model of prototype actuator.
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equipped with a 250-N load cell. Figure 9 shows the
test arrangement with the actuator close to the fully
retracted position. Testing was performed in two steps:
the first step was dedicated to the enabled actuator and
the second step to the disabled actuator.
The first step started by bringing the loading lugs in
contact (initial position x=xa min=2mm), followed
by heating of the SMA wire through electric supply
(500mA) until full austenite transformation was
achieved. After this warm-up, the upper head of the
machine was translated in displacement control, while
maintaining the electrical supply, up to the maximum
actuator displacement x=xa max=8mm. The second
step started from the maximum position reached in the
first step by cutting off the electrical supply and waiting
for complete martensite transformation of the SMA
wire. Next, the upper head was moved in displacement
control down to the minimum position
xamin.
Both steps were performed at a speed of 20mm/min
with a force acquisition rate of 32Hz. The experimental
force–displacement points are shown in Figure 10 with
hollow circles.
Discussion
Figure 3 shows that the transmission ratio of this
mechanism tends to infinite when the beams approach
the straight configuration (f/l=0). For increasing
deflections, the transmission ratio decreases exponen-
tially but remains well above 2 for relative deflections
f/l (’emax) contained within the practical range (emax=
5%–6%). The decrease in the transmission ratio with
the beam deflection is useful because it entails amplifi-
cation of the force applied by the SMA wire to the
beams, which decreases steadily with strain recovery.
Table 1 shows that, in absolute terms, the actuator
can amplify the wire contraction by a ratio greater than
5 in the admissible range of deflections f/l  emax=
5%–6%.
Figure 5 shows that when external loads are applied
to the actuator (FON T6¼ 0, FOFF T6¼ 0), the net stroke,
S, is necessarily lower than the maximum displacement,
xa0=xaN, of the unloaded actuator. This loss of effi-
ciency can be reduced by choosing low values for b (see
equation (33)), but this choice leads to greater wire
cross sections (see equation (31)). Numerical simula-
tions also show that the actual stroke of the actuator is
strongly affected by the ratio jFOFF T /FON Tj. The
Figure 8. Pictures of the prototype actuator: (a) disabled state
and (b) enabled state.
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Figure 10. Characteristic force–displacement curves for the
actuator prototype in enabled and disabled states: comparison
between theory and experimental results.
Figure 9. Close-up of the prototype actuator mounted
between the wedge grips of the testing machine.
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smaller this ratio, the greater the stroke, the best per-
formance being achieved when FOFF T=0.
The numerical case study demonstrates that the
sequential design procedure is straightforward and easy
to apply, with no loops and no loose ends. The numeri-
cal results are also fully confirmed by the FE simula-
tions in terms of both net stroke (SEF=24.2mm by
FEs against the design specification S=25mm) and
overall trend of the enabled and disabled force profiles
(Figure 6). The lower value of the FE stroke with
respect to the analytical model can be explained by the
transverse deflection produced on the centre points of
the beams by the external load. This transverse bending
deflection subtracts from the purely Elastica deflection
considered in the analytical model. Overall, the exam-
ple in Figure 6 implies a magnification of the wire con-
traction (c= lemax=145.85 3 0.05=7.3mm) by a
factor of 3.3 (=SEF /c=24.2/7.3).
The transverse bending of the beams under the
external force also explains the difference between the
maximum stress calculated by FEs (490MPa) and the
allowable stress of the material (sadm=700MPa). The
transverse bending tends to reduce the curvature of the
beams with respect to Mf max (equation (36)) and thus
reduces the overall bending stress. This outcome
encourages the use of equation (36) as a simple and
conservative way to calculate the effective bending
moment in the beams.
The theoretical model is also validated by the tests
on the prototype, with the experimental points (hollow
circles) in Figure 10 fitting nicely the analytical curves
(solid lines). In the enabled state (ON), the real actuator
produces a maximum force of 2.05N, which is about
9% lower than the predicted maximum value of 2.25N.
The displacement generated in the enabled state for out-
put forces greater than the nominal value FON T=1N
is 7.2mm, only 7% less than the predicted displacement
of 7.8mm. The actual amplification factor between the
output displacement and the SMA wire contraction is
about 3.6.
In the disabled state (OFF), the disagreement
between predictions and experiment is more significant,
with less-than-expected output forces occurring
especially at low deflections (e.g. the real force at x=
xamin=2mm is about 0.16N, some 36% less than the
nominal value FOFF T=0.25N). This departure is
especially detrimental to the net stroke which, under
the action of the nominal forces (FON T=1N,
FOFFT=0.25N), would drop by 33% from the theore-
tical value of 7.8mm to the actual value of 5.2mm. The
amplification factor becomes 2.6.
The disagreement between the model and the test
measurements is mainly ascribable to the fact that the
experimental forces are negatively affected by friction
in the joints (in the wedge-socket pairs and, foremost,
in the telescopic guide) which is neglected in the theore-
tical model.
Main advantages of the bow-like SMA actuator are
the simple architecture, the low cost (of both of mate-
rial and processing) and the modular extension (Figure
2) with indexation capabilities. The chief disadvantages
are the difficult assembly procedure, the realization of
the hinges (A and B in Figure 1), the points of applica-
tion of the external load (C and D in Figure 1) and the
need for some kind of guide mechanism which will
increase cost and cause friction issues. In the prototype
of Figure 8, the hinges are formed by V-socketed blocks
pulled against the ends of the beams by the SMA wire
attached to the block themselves. Although better than
classical hinges, also this solution is suboptimal and
suffers from assembly drawbacks.
In perspective, construction and assembly problems
could be overcome by adopting a single-piece construc-
tion (3D printing) in which hinges A and B are replaced
by compliant ligaments and loading points C and D are
obtained as attachment pads integral to the beams.
Furthermore, the beams themselves could be made
from a shape memory material with the advantage of
increasing the available force during instroke (wire dis-
abled, beams enabled). All these design variants will be
investigated in the development of the research.
Conclusions
The wire-activated, bow-like SMA actuator presented in
the article can generate reasonable forces and strokes
with a simple compliant architecture. The flexural elastic
beams serve the multiple purpose of mechanical frame,
backup force for the SMA wire and amplifying mechan-
ism for the wire contraction. The analytical model devel-
oped, confirmed by FE simulations, shows that the wire
contraction can be amplified by factors up to 6, depend-
ing on the ratio between the output forces requested of
the actuator for outstroke and instroke. The step-by-
step design procedure built on the analytical model
allows straightforward embodiment of the actuator
starting from high-level design specifications (essentially
outstroke force, instroke force and net stroke). The the-
oretical model was corroborated by the experimental
testing with closer agreement for the force–displacement
profiles in the enable state than in the disabled state.
Better correspondence could be achieved by accurate
mechanical design of the device.
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Appendix 1
Notation
Af austenite finish temperature
Aw cross-sectional area of SMA wire
b width of the rectangular cross section of
the beam
dw SMA wire diameter
E Young’s modulus of beam
Ea austenitic Young’s modulus of the SMA
Ema martensite Young’s modulus of the SMA
Emb martensite Young’s modulus of the SMA
in the pseudoplastic region
f axial deflection of beam
FOFF force produced by the disabled actuator
FOFF T design force for the disabled actuator
FON force produced by the enabled actuator
FON T design force for the enabled actuator
FSMA OFF force produced by the disabled SMA wire
FSMA ON force produced by the enabled SMA wire
I moment of inertia of the beam cross
section
l free length of beams
l0 natural length of the SMA wire
Mf martensite finish temperature
Mf max bending moment in the centre of the beam
P axial force on the two beams
Pcr buckling load of beam
S stroke of the actuator
S dimensionless stroke of the actuator
W section modulus of the beam
s1 efficiency parameter of the SMA
sg ratio between the strain at onset of the
pseudoplastic plateaux and the admissible
strain of the SMA
sm martensite parameter of the SMA
t thickness of the rectangular cross section
of the beam
xa traverse deflection in the centre of the
double bow
xa0 traverse deflection in the centre of the
double bow for zero output force
xa max maximum working deflection of the
actuator
xa min minimum working deflection of the
actuator
b minimum normalized displacement of the
actuator
Dk differential slope of forces FON and FOFF
at xa=0
DT differential temperature
eadm maximum allowable strain of the SMA
eg strain of the martensitic shape memory
alloy at onset of the pseudoplastic
plateaux
emax maximum strain of the SMA wire
sadm admissible stress of the material of the
beam
sg stress of the martensitic shape memory
alloy at onset of the pseudoplastic
plateaux
smax maximum bending stress in the beam
s0m virtual stress produced by the SMA
element at zero deflection in the linearized
model
t transmission ratio of the wire-beam
system
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uOFF slope function of FOFF calculated at
xa=0
uON slope function of FON
u#ON slope function of FON calculated at
xa=xa0
u$ON slope function of FON calculated at xa=0
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